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ABSTRACT

The awareness of climate change has led to many energy-related changes in
building behavior and space conditioning systems. Unfortunately, these changes often
led to the degradation of indoor air quality (IAQ) in residential construction. In an effort
to improve IAQ, a design guideline was developed for homeowners in the Mojave
Desert. A case study designed for the U.S. Department of Energy, Race to Zero
Student Design Competition was used to develop the design guideline. The design
guideline and compilation of codes and standards that affect both IAQ and space
conditioning shall be used in tandem by Mojave Desert homeowners to ensure adequate
IAQ.
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CHAPTER 1 – INTRODUCTION

1.1—Climate change
Amongst humanity’s greatest problems in the 21st century is climate change.
According to the World Health Organization (2002), approximately 150,000 people have
died from causes related to climate change. To many, the effects of climate change
have not yielded a direct impact on their lives. However, for those that live in climatesensitive regions, the globally averaged spike of 0.8°C from the pre-industrial era is
resulting in devastating impacts (Hansen et al., 2010). The overwhelming consensus
throughout most of the scientific community is that climate change is occurring due to
excessive human-generated greenhouse gases entering the Earth’s atmosphere. Of
these human-generated greenhouse gas emissions, carbon emissions (CO2 and
methane) are the largest part of the problem. Carbon emissions occur from various
human activities, but the main culprit is energy production.
According to Stewart Brand (2010), the world’s baseload energy production is
comprised of burning fossil fuels (68%), hydroelectric dams (16%), and nuclear reactors
(16%). Denholm et al. (2005) explain baseload energy production as a stable power
supply, “providing a high capacity factor, output stability, and reliability.” This type of
energy production is important to note, as this is what provides the electricity for much of
the United States and the rest of the world. In the United States roughly 80% of
baseload energy production comes from the burning of fossil fuels (U.S. Energy
Information Administration, 2014). Baseload energy production combined with other
fossil fuel consumption does not allow carbon sequestration to keep pace with the
world’s demand and thus sustain a stable climate (Brand, 2010). While many believe
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that peak oil production has been reached, the burning of fossil fuels will likely continue
until the world's fossil fuel sources are spent. As the world attempts to address peak oil,
many expect to see a greater implementation of nuclear power and other non-carbon
generating energy producing technologies. In spite of the increase of non-carbon
generating energy production technologies, human intuition and creativity are greatly
needed to reduce overall energy consumption. By reducing energy consumption,
pressure is relieved on energy demands, and thus climate change can decelerate.

1.2—Potential solutions for improving climate change outlook
It is not surprising that proposed plans for stabilizing energy consumption in the
building sector have surfaced. The residential and commercial sector accounted for
41% of total energy consumption in the United States (U.S. Energy Information
Administration, 2014). Single-family residential homes in the U.S. utilize HVAC systems
to maintain thermal comfort, which account for just under half of the home’s total energy
consumption (U.S. Department of Energy, 2012). According to the U.S. Green Building
Council (USGBC, 2013), the total CO2 emissions from residential buildings in 2010 was
1.2 billion metric tons, or 22% of the U.S. total.

1.3—Targeted climate region
Attempting to reduce the entire residential sector’s HVAC energy consumption
might prove to be difficult. According to the National Oceanic and Atmospheric
Administration (2004), average high temperatures in the southwest United States
annually exceed 110°F and average low temperatures annually drop below -20°F in all
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of the states bordering Canada except Washington. With large temperature variations
throughout the nation, it is imperative to understand the targeted climate region. Space
conditioning systems such as heat pumps are unable to perform effectively when
subjected to temperatures that are near or well below freezing (Allen, 2012). Other
space conditioning systems might have restrictions on other climatic characteristics,
such as humidity. For this reason, this document will focus on the Mojave Desert
climate region.
The Mojave Desert is composed of Death Valley, Pahrump Valley, Amargosa
Valley, the Las Vegas Valley, and some surrounding areas within the southwestern
United States (Webb, 2009). The average annual precipitation within the Mojave
Desert’s valleys ranges from 50 to 130 millimeters, or 2 to 5 inches (Webb, 2009). In the
Mojave Desert’s higher elevations, annual precipitation range from 250 to 750
millimeters or 10 to 30 inches (Webb, 2009). These large disparities within the Mojave
Desert are due to the higher elevation’s ability to enhance precipitation through
orographic lifting. The annual ambient temperature on the extremes of the spectrum
range from -9°C to 57°C or 16°F to 135°F. Also, the humidity levels are typically low, but
can experience intrusions of moist air in the summer with the monsoon (Webb, 2009).
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Figure 1. Map of the Mojave Desert, (Bailey, 2005), modified by (Grossman et al., 1998)

Figure 1 highlights the Mojave Desert climate region. Six sub-regions make up
the entire Mojave Desert. These sub-regions include the Northern Mojave, Eastern
Mojave, South-Eastern Mojave, South-Central Mojave, Western Mojave, and Central
Mojave. Each sub-region’s climate varies slightly from one another, but general climatic
characteristics follow what was previously discussed (Webb, 2009).
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1.4—Energy consumption in the Mojave Desert

Figure 2. Residential energy use in Arizona, Nevada, and New Mexico. From U.S.
Energy Information Administration, 2009 (RECS)

Figure 2 presents the end uses of energy in residential buildings in Arizona,
Nevada, and New Mexico according to the U.S. Energy Information Administration’s
2009 Residential Energy Consumption Survey (RECS). According to the U.S. Energy
Information Administration (2014) the energy consumption for all states that compose
the Mojave Desert totals over 10,000 trillion British Thermal Units (BTUs). Combining
this data with Figure 2, over 4,000 trillion BTUs accounts for space conditioning. Even a
small percentage reduction of space conditioning demand has the potential to
significantly decrease carbon emissions.
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1.5—Issues found in reducing space conditioning energy consumption
To reduce space conditioning energy consumption in residential buildings,
Younes et al. (2012) suggests creating the tightest seal possible within the home’s entire
envelope. Achieving the tightest seal possible from the interior and exterior is widely
regarded as the best practice for residential energy efficiency, because it reduces
infiltration and exfiltration of conditioned air. A home’s tight envelope, supplemented
with insulation, allows the conditioned space to maintain its desired temperature range
while consuming the least amount of energy.

Figure 3. Air-leakage diagram

Figure 3 illustrates common paths for air-leakage. Typical paths for air infiltration
and exfiltration include any wall penetration (e.g. windows, doors, chimneys), as well as
any corner detail (e.g. wall to floor detail). Air infiltration and exfiltration is caused by the
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pressure differences from either gusting winds or contrasting differences between the
indoor and outdoor temperatures (Younes et al., 2012). Younes et al. (2012) further
clarify, by explaining that these pressure differences take advantage of all openings
throughout the entire building envelope. The openings throughout the building envelope
include everything from large window and door openings, to minute cracks and crevices
in corner details. To obtain the tightest seal possible, it is imperative that construction
details include sealing the minute cracks and crevices throughout the building envelope.
Unfortunately, as homes become better at reducing air infiltration and exfiltration,
natural air exchanges are lost. Air exchange is important in homes for achieving
adequate indoor air quality (IAQ). Homes that have poor IAQ make their inhabitants
susceptible to Sick Building Syndrome (SBS), Legionnaire’s Disease and other illnesses
(Baechler, 1991). The greatest concern of architects is to provide safety for building
inhabitants; IAQ is no exception (Ole Fanger, 2006).

1.6—Addressing IAQ problems
In an attempt to achieve adequate IAQ in residential buildings, a research
question arises – What are the systems and strategies required to achieve adequate
IAQ with optimal performance for the Mojave Desert climate region? There are three
issues that need to be considered when selecting systems and/or strategies to achieve
optimal performance. The first issue is to determine whether or not the proposed
systems and strategies meet adequate IAQ standards defined by current national and
international codes. The second issue to consider is the resulting energy consumption
of proposed systems and/or strategies. The third issue to evaluate is how well the
proposed system and/or strategy affects the thermal conditions of a space. The climate
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has serious impacts on the decision-making process of choosing what systems and
strategies to implement. For example, systems like an evaporative cooler are only ideal
for dry climates, as heat-laden moisture is unable to evaporate well in humid climates
(Allen, 2012). For this reason, the literature review presented in Chapter 2 discusses the
Mojave Desert climate region specifically.

1.7—What to expect?
The set of design guidelines presented in Chapter 7 propose an approach to
select systems and/or strategies to achieve adequate IAQ and thermal comfort in the
Mojave Desert climate region for existing and newly constructed single-family homes.
This set of design guidelines will encapsulate the variety of systems and strategies that
are currently used in the Mojave Desert climate region to achieve thermal comfort. The
set of design guidelines developed in this thesis assumes a tight, code-compliant
building envelope. The idea of placing the IAQ and thermal comfort loads on
mechanical systems without first reducing building envelope loads has plagued the
construction industry since the adoption of central HVAC systems in residential
buildings. Often it is the balance of various systems that achieve the optimal result,
building systems are no different.
Currently, in the United States there is an environmental movement that strives
for higher-performing buildings whenever possible (Brand, 2010). While it is possible
that a home can remain within a thermally comfortable range without the use of
mechanical HVAC systems throughout the entire year, homes within the Mojave Desert
climate region typically feature central HVAC systems. Understanding this, the
incorporation of mechanical HVAC systems is often necessary even in buildings

8

featuring passive systems. Systems should always be chosen carefully as the initial
cost is not always the best indicator of product expectations. Mechanical HVAC systems
with a low initial cost often incur high energy consumption and maintenance costs
throughout their lifetime. Each potential system and strategy may either improve IAQ or
cause IAQ to deteriorate. In some cases, it is necessary to have a ventilation system
with energy recovery that is combined with a heating/cooling system to satisfy IAQ and
thermal comfort requirements. Also, buyers must be aware of the expected energy
consumption and maintenance costs of their chosen systems.
The building industry has recognized IAQ's importance on overall human health
for quite some time. Nationally-recognized organizations that define adequate IAQ
include the Environmental Protection Agency (EPA), the Air Conditioning Contractors of
America (ACCA), and the American Society for Testing and Materials (ASTM).
Internationally recognized organizations include, but are not limited to the United States
Green Building Council (USGBC), the International Code Council (ICC), and the
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE).
It is the goal of this thesis to create a set of design guidelines for new and
existing homes with state-of-the-art systems and/or strategies that thoroughly satisfy IAQ
and space conditioning requirements. Doing so can prove beneficial to both climate
change and human health, because correct application of the guidelines can result in
HVAC systems that both condition air efficiently and provide adequate indoor air
ventilation with energy recovery. The literature review presented in the following chapter
will address the research and evaluation of selected systems and/or strategies that are
imperative for homes to meet or exceed performance and IAQ standards within the
Mojave Desert climate region.
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For definitions of the technical terms that are used throughout this thesis, refer to
Appendix A.
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CHAPTER 2 – LITERATURE REVIEW

2.1—IAQ importance and history
As human society moves forward to create architecture with increased levels of
sustainability, it is important that designers also strive to improve the health and safety of
building inhabitants. Of the many issues that an architect has to mitigate to ensure the
health and safety of the building inhabitants, IAQ is one of the most important issues
(Varodompun et al., 2007). Mankind has acknowledged the importance of air quality for
over 4500 years. Egyptian historians have found notations of respiratory disease
caused by the silica dust found as a by-product of stone cutting (Burroughs et al., 2011).
A thousand years later, Romans have also recognized this issue from stone cutting. As
a result, they advised stone masons and asbestos miners to wear masks while working
(Burroughs et al., 2011).
Approximately 150 years ago, the importance of IAQ was specifically recognized
as relationships with ventilation and carbon dioxide (Salthammer, 2011). During the
industrial revolution Thomas Tredgold (1824), Max von Pettenkofer (1858), and John
Shaw Billings (1889) studied and questioned the value of air exchanges in work and
home environments. While questions about air exchange and ventilation started to
surface throughout the nineteenth-century, no standards for ventilation were made
during this period. It was not until 1915 when the American Society of Heating and
Ventilating Engineers (ASHVE, later to become ASHRAE) established a standard of
proper ventilation (Carpenter, 1915). The standard suggested that the exchange of air
must equate to a minimum of 30 cubic feet per minute (CFM) per person to be
considered good ventilation. The standard of 30 CFM per person based its values on
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the threshold of carbon dioxide that may occur within the building occupants’ lungs.
Currently we are able to precisely indicate the carbon dioxide concentrations in the air.
According to the Occupational Health Safety Act (29 CFR 1910), the permissible
exposure limit for carbon dioxide is 5,000 ppm.
The following information on Yaglou et al. (1936) was taken from Spengler
(2001). Limited to the human senses, Yaglou et al. (1936) attempted to experiment with
perceived air quality. The study required various numbers of occupants to remain in a
test chamber with various amounts of ventilation. Panelists would then ‘sniff’ the air from
the chamber to determine its level of acceptability.
The study of IAQ had not seen any further progression till the 1970s when the
study of ‘indoor air’ was able to establish itself as an independent scientific field
(Salthammer, 2011). During this period, government agencies for environmental
protection came into existence throughout many countries, including the United States’
Environmental Protection Agency (EPA). The increase of government agencies that
looked out for the quality of the human environment only occurred after numerous postWorld War II events. Crucial events involving intense outdoor pollution throughout
Meuse Valley (1932); Donora, Pennsylvannia (1948); and London (1952) sparked
government action (Spengler, 2001).
According to Environmental Science, Engineering, and Technology: Volatile
Organic Compounds (2011), once human beings reach the typical working age, they
spend about 75% of their day indoors. These indoor environments can potentially see
accumulated pollutants that are ten times higher than that of outdoor pollutant values.
Other populations at greater risk for the effects of degraded IAQ include elderly adults,
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children and newly born babies who are likely to stay more than 90% of their day indoors
(Hanks, 2011).
Currently, IAQ is determined by the abundance of pollutants that exist within a
particular indoor environment. Simply put, the greater abundance of pollutants in the air
results in further degradation of IAQ (Khaleghi et al., 2011). According to the video
Indoor Air Quality: Green Building: Your Edge in the Home Building Marketplace
distributed by Films on Demand (2005), there are five typical pollutants found in homes.
These typical pollutants include formaldehyde, and two polymerized formaldehydes,
urea formaldehyde and phenol formaldehyde; volatile organic compounds (VOCs); vinyl
chloride; styrene-butadiene latex; and isocyanurate (Films on Demand, 2005). As
mentioned in the introduction, excessive pollutants within homes have exhibited negative
health outcomes. These illnesses include Sick Building Syndrome (SBS), Attention
Deficit Disorder (ADD), Asthma, as well as other respiratory-related health problems
(Baechlor, 1991). Unlike thermal comfort, not all IAQ characteristics can be perceived
by the human senses, therefore IAQ poses an even greater risk to building occupants
(Khaleghi et al., 2011).

2.2—Source of pollutants
Understanding how these pollutants enter a home’s indoor environment, and the
adverse effects of that these pollutants cause may begin to reveal the magnitude of
issues regarding IAQ. Pollutants enter the indoor environment a variety of ways. One
method of ingress is through any inlets or openings within a home’s building envelope.
Another is from the building inhabitants that track in pollutants, mainly from footwear. An
additional source is through any combustion appliances within the home, such as

13

heating furnaces and cooking appliances. Lastly, pollutants can enter a home’s indoor
environment from the off-gassing of the various finishes and furnishings throughout the
home.
Of the typical pollutants that are found in homes in the Unites States, the largest
contributor is from the off-gassing of finishes and furnishings. It has been deemed the
largest contributor to indoor pollutants because it comes from a myriad of sources. For
instance, formaldehyde is widely used in resins to bind wood products, which include
plywood, medium density fiberboard (MDF), oriented strand board (OSB), and particle
board. While it is typical to find traces of formaldehyde from natural sources and human
activity, the majority of formaldehyde that pose a significant risk accumulates from manmade products (United States, 2008). Formaldehyde is a colorless, flammable gas at
room temperature and causes a burning sensation to the eyes, nose, and lungs at high
concentrations (United States, 2008).
Within the building industry, phenol formaldehyde is found in exterior grade
products while urea formaldehyde is in interior grade components (Films on Demand,
2005). Urea formaldehyde typically off-gasses far greater quantities of formaldehyde
than its counterpart.
Next on the list of typical indoor pollutants is VOCs. Unlike formaldehyde that is
commonly only found in a few of a home’s exposed products, VOCs can be found in a
greater variety of products. Sources of VOCs include paints and coatings, cleaning
products, refrigerants, gasoline, smoke, plastics, fibers, aerosol cans, and adhesive
removers, to name a few. VOCs are defined by the United States Environmental
Protection Agency from the 40 CFR 51.100(s) as “any compound of carbon, excluding
carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates, and
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ammonium carbonate, which participates in atmospheric photochemical reactions."
While the European Union defines VOCs differently, in the end they both define about
200 chemical compounds (Hanks, 2011). According to the video Indoor Air Quality:
Green Building: Your Edge in the Home Building Marketplace, VOC emission
concentration are in grams per liter (g/L). Manufacturing companies have been
researching alternative formulations to try to achieve the lowest g/L of VOCs while
maintaining a product’s quality. Currently, many paint and sealant companies have
already been able to obtain little to no (0-25 g/L) VOCs within their product lines. Many
of these companies have reduced VOC emissions while either improving or maintaining
their products’ quality (Films on Demand, 2005). Scientists have linked the inhalation of
VOCs with both acute illnesses and carcinogenic diseases (Hanks, 2011). Along with
human health impacts, VOCs also cause photochemical smog, depletion of stratospheric
ozone (O3), and formation of tropospheric O3.
Vinyl chloride is another typical pollutant found within homes. Vinyl chloride is
typically used within the plastics industry and in the synthesis of organic chemicals.
Vinyl chloride is regularly found in furniture, packing materials, pipes, wall coverings, and
wire coatings (Luttrell et al., 2012). According to the Documentation of the Threshold
Limit Values for Chemical Substances, the United States banned the usage of vinyl
chloride in aerosol propellants, refrigerants, pharmaceuticals and cosmetics. The Risk
Assessment Information System (2011) has found a link between the chronic inhalation
of vinyl chloride to acro-osteolysis, scleroderma, hepatoxicity, and Raynaud’s syndrome.
While the concern is with the inhalation of vinyl chloride, the International Programme on
Chemical Safety (IPCS) recognizes a danger from skin exposure as well. Vinyl chloride
gas could cause frostbite if the vinyl chloride gas stored under pressure is released close
to human proximity.
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Next on the list of frequently found indoor air pollutants is styrene-butadiene
latex. According to the Matanoski et al. (1990), styrene-butadiene latex is widely used
as a construction adhesive. Styrene-butadiene latex has been found to be an optimum
balance between cost and performance in comparison to all other water-based
polymers. The most common introduction of styrene-butadiene latex into homes has
been from carpeting (Hanks, 2011). However Matanoski et al. (1990) have found that
prolonged exposure to styrene-butadiene latex has resulted in adverse health effects.
These health effects include leukemia; non-Hodgkin’s lymphoma; stomach, esophageal
and digestive tract cancers; as well as arteriosclerotic and rheumatic heart disease
(Matanoski et al., 1990).
The last of the typically found indoor pollutants is isocyanurate. Isocyanurate
takes on multiple forms, including non-chlorinated isocyanurate and chlorinated
isocyanurate. The category that is the most relevant is chlorinated isocyanurates, as it is
common to find this chemical compound in residential settings to disinfect drinking water
and maintain swimming pools (Wang, 2010). The adverse health effects from chlorinated
isocyanurates are tissue irritation at moderate exposure levels and possible tissue
damage at higher levels of exposure (Wang, 2010).
Despite these findings, many other chemical compounds exist in a home that still
require further research to evaluate any ill effects that might emerge from human
inhalation. Also, research needs to be conducted to understand the health effects of
interacting doses of several chemical compounds, as distinct effects can result from the
interaction (Hanks, 2011). It is clear that IAQ is a complex subject, requiring thorough
knowledge in the subject matter to prevent the adverse health effects caused by the
pollutants typically found in a home.
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2.3—How have the codes and standards changed?
Codes and standards have not remained static. Experts in the field have
influenced much of the information that sets the requirements for homebuilders
throughout the nation and world. Codes and standards set for homebuilders were
developed over time through the experience of all building types throughout history.
The first action in litigation regarding indoor air quality can be traced back to
1273 A.D. in London, with the prohibition of burning coal for energy production. That
being said, codes and standards that changed building construction and operation
methods did not appear until much later. It was discussed earlier in this chapter that in
1915 ASHVE developed a standard for ventilation. The unit that used for this ventilation
standard was in CFM per person. The key component here is per person; as each
additional occupant increases the abundance of bioeffluents as well as the risk of
communicable diseases.
In the energy crisis of the 1970s, energy prices increased by more than six-fold
(Spengler, 2001). The response to energy price increases included increasing building
envelope tightness. This reactive solution degraded IAQ by not allowing as many air
exchanges from infiltration and exfiltration through the building envelope. Increased
building envelope tightness was just one of the many reactive solutions to the energy
crisis that increased the risk of SBS, Legionnaire's Disease and other building related
sicknesses. Other reactive solutions to the energy crisis included:
1. The volume of outside air intake dropped from 15 CFM/person to 5 CFM/person
or less.
2. Introduction of variable air volume (VAV) systems, which allowed systems to shut
down in areas that experienced low to no occupancy.
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3. Increased occupant density in office spaces.
4. Poor system filtration performance.
5. Building managers reduced operations and maintenance staff, as they were
found to be the most expendable part of overhead costs.
6. The introduction of new materials, found in finishes and furnishings (Burroughs,
2011).
The reduction of outside air intake rates allowed for pollutants and airborne
illnesses to recycle along with carbon dioxide concentrations. In fact, the ASHRAE
Standard 62-1981 recommended that the ventilation rates be reduced to improve the
energy efficiency of building systems (Spengler, 2001). The reduction in ventilation
rates proved to be an improper way to handle issues with energy efficiency. The
introduction of VAV systems created a detrimental effect by allowing pollutants to settle
in porous materials found within the space, only to off-gas when changes in temperature,
humidity and airflow occurred. The term off-gas is used to describe the release of
pollutants into the environment. Increasing occupancy within much of the offices
throughout the nation has naturally created degraded IAQ due to overloaded spaces.
Office spaces were being used with design occupancies higher than originally intended.
Poor filtration systems were being implemented as they were allowing for greater airflow
within mechanical systems, thus reducing energy demand. One of the largest cases
dealing with poor filtration is that of the EPA Waterside Mall. This case experienced an
accumulation of pollutants within the building's entire ductwork, resulting in many health
issues for its occupants (Building Operating Management, 2000). Reduced operations
and maintenance staff only intensified the IAQ issue, by not allowing for sufficient
maintenance of the building systems.
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New materials used in furniture, cabinetry, as well as modern office necessities
such as printers, fax machines, and copiers have all increased the abundance of
airborne pollutants in indoor environments. All of these indoor environmental impacts
have negatively affected IAQ.
In conjunction with the reactive solutions to the energy crisis mentioned above,
mass media shed light on the issues with IAQ. While most of the reactive solutions were
pertaining to school and office spaces, it made the general public more aware of the
issues surrounding IAQ (Burroughs, 2011). Awareness was key because now the
general public began questioning the IAQ of their indoor environments. The combination
of awareness and documented health issues has forced the codes and standards to
change throughout the entire building industry.
Many changes in the codes and standards have resulted due to the rise of IAQ
health issues. The World Health Organization (WHO) responded to the widespread
reports of health complaints by developing a definition of SBS in 1983 (Spengler, 2001).
Speculations of these health issues related to reduced ventilation rates convinced
ASHRAE to increase its recommended ventilation rates fivefold by 1989. An additional
change included smoking restrictions applied to many of the public buildings throughout
the nation. Another change was in the prohibition of asbestos. The EPA introduced
Indoor airPLUS standards, which covers IAQ issues for residential construction.
Methods for testing ventilation and filtration systems were born in ASHRAE 52.2.
General ventilation and acceptable IAQ standards intended specifically for low-rise
residential construction in ASHRAE 62.2 were introduced. Proper duct sizing and
installation in ACCA Manual D, along with proper mechanical system sizing in ACCA
Manual J were established. Product testing through ASTM is now standard practice.
Appliances have improved greatly due to International Energy Conservation Code
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(IECC). The International Residential Code (IRC) now ensures a safe and efficient
home throughout the world. Currently, all ENERGY STAR labeled homes are required
to meet EPA’s Indoor airPLUS construction specifications. Indoor airPLUS construction
specifications cover a wide spectrum of IAQ issues, citing ACCA, ASHRAE, IRC, IECC
and ASTM standards where necessary.

2.4—How to address IAQ?
To address IAQ issues found within homes, Indoor Air Quality: Green Building:
Your Edge in the Home Building Marketplace (2005) has suggested that homeowners
complete a three step process. This three step process includes eliminating, ventilating,
and filtering of indoor air pollutants. The three steps are widely known to be the
determining factors for reducing indoor pollutant concentration (Sherman et al., 2012).
Elimination occurs when homeowners reduce the introduction of components that offgas dangerous pollutants. Elimination refers to the prevention of pollutants entering
one’s home. Ventilation is about exhausting the air found within the home and replacing
it with fresh air from the outdoor environment.
Prior to mechanical HVAC systems being placed in homes, ventilation relied on
air exchanges occurring from the opening of doors and windows along with the air
infiltration that comes from an imperfectly sealed home. Due to current building
techniques, air infiltration is inevitable in any building enclosure (Sherman et al., 2012).
With the introduction of mechanical HVAC systems, a majority of ventilation has
changed to occur within these systems. Ventilation systems may include heat recovery
ventilators (HRVs), energy recovery ventilators (ERVs), toilet exhausts, kitchen
exhausts, economizers, clothes dryers, and other local ventilation. Lastly, filtration
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occurs within all of the ducted and a majority of the non-ducted heating and cooling
systems implemented within a home. Filtration systems are given a Minimum Efficiency
Reporting Value (MERV). MERV ratings range from 1 to 20 with the highest MERV
rated filter allowing the least amount of particulates through and the lowest MERV rated
filter allowing the greatest amount of particulates. While the highest MERV rated filter
appears to be the most desirable choice, a balanced decision is best as they also incur
greater stress on the HVAC systems by requiring more energy to move air through the
filter fabric. Throughout the current codes and standards on the IAQ subject matter, one
can find these three ideals (eliminating, ventilating, and filtering) in some form that
attempt to address IAQ issues.

2.5—Best practices
While a summation of the current codes and standards for single-family homes is in
the following chapter, a list of best practices may be of better use to most homeowners.
Below is a summation of the best practices to manage IAQ. This is a summary of the
best practices in the Indoor Air Quality Handbook and Indoor Air Quality: Green Building:
Your Edge in the Home Building Marketplace (2005).
1.

Ensure proper maintenance on HVAC system
a.

Involves exchanging filters when necessary and providing periodic
checks confirming that the system is clean.

b.

Verify that relative humidity indoors is kept below 60% (installation of a
dehumidifier may be deemed necessary if humidity cannot be
controlled).
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c.

If an electrostatic/ionic air cleaner is used to filter the air within the home,
validate that the product meets UL Ozone Standard 867.

2.

Routinely clean the home’s interior
a.

If possible, clean the home when the fewest occupants are present, as
much of the pollutants can become airborne and affect all of those within
the home.

b.

Often, it is a good idea to open the windows in the home while cleaning
(weather permitting).

c.

Make certain that the cleaning agents and solvents used within home are
non-toxic and don’t emit a strong odor or fragrance.

d.

If possible, vacuum cleaners should be equipped with high-efficiency
particulate air (HEPA) filters and utilize disposable bags for safeguard
containment.

e.

Furniture and decorative items within the home should have a washable
surface.

f.

If mold is found anywhere throughout the home’s porous surfaces, the
item should be discarded and replaced immediately.

g.
3.

Mitigate areas of water leakage (leakage leads to mold).

When remodeling, inspect that proper procedures are followed:
a.

Use products that emit no VOCs whenever possible.

b.

If not available, obtain a product that has low-emitting characteristics.
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c.

When painting or applying adhesives, allow product to dry/cure and
ventilate thoroughly prior to occupying the space.

d.

Properly ventilate the space with operable windows as opposed to
mechanical ducting to prevent system from being contaminated.

2.6—What to expect from the following chapters
The following chapters evaluate various combinations systems that could be
used to achieve adequate IAQ and thermal comfort. The evaluation was conducted
through the means of a case study and review of published literature within the field of
study. Work completed by a UNLV student team led by Professor Fernandez-Gonzalez
for the U.S. Department of Energy, Race to Zero Student Design Competition served as
a case study for this thesis. The next chapter will discuss the history and importance of
IAQ.
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CHAPTER 3 – PURPOSE, RESEARCH QUESTION, AND METHODS

3.1—Purpose
The purpose of this research is to benefit the human health within the built
environment while attempting to reduce energy demand through optimization of building
systems. The EPA Waterside Mall mentioned in Chapter 2.3 was only one of the many
case studies that were evaluated during the 1980s. IAQ evaluations of residential indoor
environments has shown large variations in pollutant levels, with some homes having 20
times higher concentrations of indoor air pollutants than others (Pickett et al., 2011).
According to Yang et al. (2014), the rapid increase in the worldwide standard of living
has shifted society’s focus to interior finishes and furnishings. This shift in focus has
introduced many indoor air pollutant sources such as adhesives, man-made board, and
furniture. Many of these products that are being introduced into indoor environments
have the potential to release toxic gas and particulates into the air, thereby negatively
affecting a home’s IAQ.
Increased health risks are inevitable if steps are not taken to improve IAQ.
Fortunately much has been done to mitigate IAQ issues throughout the entire building
sector, but recommendations on the types of systems and strategies by climate region
are sorely lacking. Recommendations on the types of systems and strategies per
climate region are especially needed for the single-family residential zone since many of
the owners are not competent on IAQ. By understanding the types of systems that are
capable of achieving thermal comfort within the Mojave Desert, alleviation of IAQ issues
within this region can begin.
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3.2—Research question
What are the systems and strategies required to achieve adequate IAQ with
optimal performance for the Mojave Desert climate region?
What is adequate IAQ? Adequate IAQ will be deemed satisfactory by meeting
the national and international residential indoor environmental codes/standards. As
mentioned in an earlier chapter, there are multiple organizations that establish the
national and international codes/standards.
To understand the optimal systems and strategies that achieve adequate IAQ
within the Mojave Desert’s residential architecture, each potential system must be
analyzed individually. What are the energy demands of each system? Can each
system ventilate? If not, can they be coupled with another system?
System performance will be evaluated for each prescribed method. Optimal
performance is defined as the method that best exemplifies these five characteristics of
the system being utilized for conditioning the indoor environment.
1. Initial cost
2. Energy consumption (from various energy sources)
3. Life-cycle analysis
4. Thermal comfort
5. IAQ qualities
The design guidelines in Chapter 7 further define these five characteristics.
These five characteristics are merely a snapshot of the detailed characteristics that will
be reviewed later. Each system will have an associated value from its characteristics.
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The values of each system equate to a ranking system, analyzing all of the potential
mechanical HVAC systems within the Mojave Desert climate region. The ranking
system will be able to tell a homeowner within the Mojave Desert which systems are
preferred.

3.3—Methods
Accompanying this thesis is a case study for the Department of Energy Race to
Zero Student Design Competition. Fortunately, the case study aligns parallel with the
intentions of this thesis and for that reason, it is used as a means of obtaining data. The
Department of Energy Race to Zero Student Design Competition is an annual
competition that uses one of the two scenarios;
1. A builder needs to update an existing product line (house plan) to a highperformance house design.
2. Develop a new high-performance home from the ground up.
The team of students from UNLV decided to go with the latter option. Designing
from no starting point allowed for many alternative paths to be studied. Strategically, the
team of students decided to first test the various building systems prior to designing
anything. This would give the team an opportunity to understand the systems that would
be necessary to design a home with the greatest energy efficiency. Using National
Renewable Energy Laboratory’s (NREL) software, BEopt, students were able to
generate considerable modeling data. BEopt is a building optimization software
developed by NREL. Team members were assigned different building systems within
the home (walls, roof, windows, and mechanical HVAC) and were tasked to find the
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optimal selection for their elected building system. Once the potential techniques of
each building system for the Mojave Desert climate region was established, individuals
simulated each building system technique through BEopt. Data that were gathered from
the BEopt software included, financial calculations, end use breakouts, efficiency
measure descriptions, and costs. It was then the individual’s task to utilize these
newfound data to affirm the optimal selection for his or her elected building system.
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CHAPTER 4 – CODES AND STANDARDS

4.1—Codes and standards overview
The codes and standards summarized in this chapter affect the design and/or
construction of current or future homes. Depending on a home’s jurisdiction, the actual
codes by which a home must abide, may vary. Only the most recent codes were used to
avoid any potential issues. The first of these reviewed codes are the 2015 IRC, and
2015 IECC. Following these codes are the ENERGY STAR Certified Homes Version 3,
ASHRAE 52.2—2012, ASHRAE 62.2—2013, and ASHRAE 152—2014 standards.
ACCA Manual J—8th Edition, ACCA Manual D—3rd Edition, and ASTM E1554 / E1554M13 guidelines are also described in this chapter. More recently, the construction industry
has seen LEED for Homes, and Indoor airPLUS enter its arsenal of standards. The
versions reviewed in this chapter include LEED for Homes Design and Construction v4,
and Indoor airPLUS Version 1 (Rev. 2). The jurisdiction of a home determines the
minimum code editions with which construction needs to comply. Additionally local
codes may exist that must also be followed.
Homeowners are not required to follow the ENERGY STAR, LEED, and Indoor
airPLUS standards. If a homeowner does decide to pursue ENERGY STAR, LEED, or
Indoor airPLUS certification, a conservative 2.1% increase in homevalue could be
expected compared to an equivalent non-labeled home (Kahn et al., 2014). Sanderford
(2015) explains that mortgage lenders are currently unable to properly value homes with
high-performance labels. An array of strategies are already in place to bridge the gap
between high-performance labels and mortgage lenders’ value interpretations
(Sanderford, 2015). The potential for increased financial incentives on high-performance
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labeled homes might prove to be an extremely advantageous alternative for
homeowners.

4.2—2015 IRC
The International Code Council (ICC) develops a full spectrum of codes that
receive worldwide recognition. One of the codes developed by the ICC is the
International Residential Code (IRC). The 2015 IRC represents the most up to date
codes in the residential sector. The most current codes ensure that all recent issues are
addressed.
The 2015 IRC contains forty-four chapters. The discussion of the entire
document could potentially become an entire paper, which would not be necessary for
the application of this thesis. For this reason, I will only be summarizing chapters 13-18.
Chapters 13-18 establish guidelines for IAQ and space conditioning as applicable. The
relevant 2015 IRC documentation is in Appendix B.
Chapter 13 of the 2015 IRC is titled General Mechanical Systems Requirements.
The objective of this chapter in the 2015 IRC is to provide the requirements for
installation and maintenance. Chapters 14 and 18 of the 2015 IRC continue this
approach of providing the requirements for installation and maintenance. Chapters 15,
16, and 17 only include requirements for installation as opposed to requirements for both
installation and maintenance. The requirements for the installation and maintenance of
mechanical systems include proper labeling, preservation of adequate access and
clearance, protection from seismic activity, and appropriate ventilation.
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Chapter 14 of the 2015 IRC is titled Heating and Cooling Equipment and
Appliances. The installation requirements presented in this chapter consist of following
manufacturer specifications, use of properly sized equipment with the appropriate ACCA
Manual, providing specified clearances, meeting placement specifications, and suitable
condensate disposal. The maintenance requirements presented in this chapter of the
2015 IRC consist of following manufacturer specifications, and preservation of clearance
spaces. The exclusive heating equipment and appliances taken into account are central
furnaces, baseboard convectors, radiant heating systems, electric duct heaters, vented
floor/wall/room furnaces, fireplace stoves, and masonry heaters. The exclusive cooling
equipment and appliances taken into account are refrigeration cooling equipment,
absorption cooling equipment, and evaporative cooling equipment. Also, heat pump
equipment is taken into account, which serves both heating and cooling functions. It is
vital for homeowners to familiarize themselves with these codes. A home purchased
with the code requirements does not preserve its code compliance without maintenance.
Maintenance is the homeowner’s responsibility.
Chapter 15 of the 2015 IRC is titled Exhaust Systems. It describes the
requirements for installing exhaust systems. The installation requirements presented in
this chapter consist of following manufacturer specifications; placing outdoor discharge
in accordance with Section M1506; appropriate duct material, dimension, and length
sizing; and ventilation rate. The types of exhaust systems that are covered in this
chapter of the 2015 IRC include dryer exhausts, range hoods, and overhead exhausts.
Whole house mechanical ventilation systems must also meet the requirements found in
this chapter where applicable.
Chapter 16 of the 2015 IRC is titled Duct Systems. Chapter 16 establishes the
requirements for installation and maintenance of duct systems. Ducts are essential for
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most of the available heating, cooling, and ventilation systems. The installation
requirements presented in this chapter of the 2015 IRC consist of following manufacturer
specifications; use of ACCA’s Manual D; as well as, proper duct material, dimension,
connections and insulation values. The types of ducting covered in this chapter include
both above-ground and underground duct systems.
Chapter 17 of the 2015 IRC is titled Combustion Air. This chapter of the 2015
IRC applies to very few systems. It is likely that many homes would find this chapter of
the 2015 IRC not applicable. The systems that accounted for in this chapter of the 2015
IRC are any solid fuel-burning and oil-fired appliances. If either of these two types of
appliances are in a home, compliance with this chapter’s installation guidelines must be
attained. The installation requirements presented in this chapter of the 2015 IRC consist
of following manufacturer specifications, accordance with National Fire Protection
Association’s NFPA 31 standard, and locating combustion air opening above required
elevation per flood zone.
The final reviewed chapter of the 2015 IRC, Chapter 18, is titled Chimneys and
Vents. All fuel-burning appliances are required to be in accordance with this chapter of
the 2015 IRC, except the appliances that are listed and labeled for unvented use. The
installation requirements presented in this chapter of the 2015 IRC consist of following
manufacturer specifications, positive draft flow, adequate clearances, appropriate sizing,
and singular usage. The maintenance requirements presented in this chapter of the
2015 IRC consist of timely upkeep of flue passageways. Both metal and masonry
chimneys and vents are applicable in this chapter of the 2015 IRC.
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4.3—2015 IECC
The International Energy Conservation Code (IECC) is a part of the ICC’s
comprehensive set of codes. Comparable to the codes and standards presented in this
chapter, the 2015 IECC represents current conditions. Current conditions provide the
most relevant guidelines. The 2015 IECC’s objective is to guarantee that buildings and
homes alike do not consume excessive energy.
The 2015 IECC is split up into two halves. The first half of the 2015 IECC
reviews commercial provisions. The second half of the 2015 IECC reviews residential
provisions. For this reason, only the second half of the 2015 IECC is studied. Further
examination of the 2015 IECC reveals that only two chapters are relevant for this thesis.
The two relevant chapters include Chapter 3 and 4. The relevant 2015 IECC
documentation is in Appendix C.
The Chapter 3 of the 2015 IECC is titled General Requirements. The General
Requirements understands and treats every climate zone accordingly. The climate
zones determine the insulation values, building envelope assemblies, as well as the
corresponding heating degree days (HDD) and cooling degree days (CDD). Installation
of building assemblies requires compliance with the 2015 IRC. Maintenance
requirements in this chapter of the 2015 IECC consist of following manufacturer
specifications. Additionally, the installer is required to present any maintenance
information for any applicable equipment. Providing maintenance information provides
awareness to the owner.
The Chapter 4 of the 2015 IECC is titled Residential Energy Efficiency.
Requirements for various home components are in the Residential Energy Efficiency
chapter. Each home component has a dedicated section in this chapter of the 2015
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IECC. The sections that are pertinent to either IAQ or space conditioning include
Section R403—Systems, and Section R405—Simulated Performance Alternative.
Section R403—Systems of the 2015 IECC requirements include a programmable
thermostat, duct guidelines, and proper sizing of equipment. Also included is the
minimum efficiency rating required by federal law. The minimum efficiency rating varies
from place to place. Section R405—Simulated Performance Alternative of the 2015
IECC requirements includes granted software that justify alternative systems not
provided by ICC codes.

4.4—ENERGY STAR Certified Homes qualifications
The ENERGY STAR Certified Homes Version 3 mainly looks at reducing the
energy consumption of homes throughout the nation. While qualifications of ENERGY
STAR requires actions affecting IAQ, its interest revolves around energy consumption.
Fortunately, its adoption of Indoor airPLUS Version 1 (Rev. 2) alleviates any IAQ
concerns. This qualification is placed in this chapter because it ensures home longevity.
A home that does not meet expectations of the owner is not likely to last. One of these
expectations is monthly utility bills. To reduce energy consumption and in turn reduce
homeowner’s utility bills, ENERGY STAR has also found benefits in complementing
these efforts with durability. The complete ENERGY STAR Certified Homes Version 3
overview is in Appendix D.
The first of the ENERGY STAR Certified Homes Version 3 requirements is a
complete thermal enclosure. To acquire a complete thermal enclosure, ENERGY STAR
requires far better air sealing than what any international/national code requires. The
initial reaction from an IAQ perspective about improving air sealing in a building
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enclosure has only been negative (Burroughs et al., 2011). This thought process has
since changed. In fact, it is now the other way around. Leaders in IAQ see the ability to
control the source of air intake as an opportunity. Control of the air intake allows for
proper air filtration. With proper filtration, the risk of dirt, pollen, pests, and moisture from
entering the indoor environment is minimized (Burroughs et al., 2011). Other
requirements highlighted in the complete thermal enclosure feature of ENERGY STAR
Certified Homes Version 3 include reducing thermal bridging, ensuring insulation is
installed appropriately, and choosing high-performance windows.
The second of the ENERGY STAR Certified Homes Version 3 requirement is a
complete heating and cooling system. Requirements for a complete heating and cooling
system include a standard for energy efficient HVAC systems alongside a summation of
the Indoor airPLUS Version 1 (Rev. 2) standards.
The ENERGY STAR Certified Homes Version 3 features also require verification
and post-construction inspections. Similar to other codes and standards, ENERGY
STAR wants to provide quality assurance.

4.5—ASHRAE 52.2 – 2012
ASHRAE is an abbreviation for American Society of Heating, Refrigerating and
Air-Conditioning Engineers. ASHRAE’s intentions from its birth in 1894 included
advancing human well-being through the sustainable technology for the built
environment. Similar to the 2015 IRC and the 2015 IECC, the ASHRAE 52.2—2012 is a
part of a comprehensive set of standards. This particular ASHRAE standard’s purpose
is to establish a test procedure for air cleaning devices. The test procedure evaluates
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the system’s ability to remove specific particulate sizes from the air. The relevant
documentation for ASHRAE 52.2—2012 is in Appendix E.
Unlike the other codes and standards that this chapter reviews, this standard is
intended to ensure the quality of any air cleaning device that is in one’s home. ASHRAE
52.2—2012 recognizes that throughout the service life of any air cleaning device, its filter
accumulates particle build-up that affects its performance. Its performance is analyzed
by testing its ability to both remove particulates of specific sizes from the air, as well as
maintaining its efficiency.

4.6—ASHRAE 62.2 – 2013
The purpose of the ASHRAE 62.2—2013 is to define the minimum requirements
for ventilation and building envelope to attain acceptable IAQ in the low-rise residential
setting. The minimum ventilation requirements include both mechanical systems and
natural strategies. The relevant documentation for ASHRAE 62.2—2013 is in Appendix
F.
ASHRAE 62.2—2013 recognizes that there is a variety of factors that affect IAQ.
These factors include chemical, physical, and biological contaminants. ASHRAE 62.2—
2013 defines acceptable IAQ as, “air toward which a substantial majority of occupants
express no dissatisfaction with respect to odor and sensory irritation...” ASHRAE 62.2—
2013 provides a disclaimer, stating that the result of following these standards does not
always result in acceptable IAQ. It is merely a goal of the standard to achieve
acceptable IAQ. This is due to a variety of factors that are often outside of the
homeowners control. Some of these factors include poor ambient (outdoor) air, highpolluting events, and the subjectivity of human perception.
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The first pertinent section of the ASHRAE 62.2—2013 document is titled WholeBuilding Ventilation. The most important standard to take away from this section is the
required ventilation rate, specified in cubic feet per minute (CFM). The given equation
and table calculates the required ventilation rate. The equation to obtain the required
ventilation rate is as follows:
Qtot = 0.03Afloor + 7.5(Nbr + 1)
Where:
Qtot

=

Total required ventilation rate, CFM

Afloor

=

Floor area of residence, ft2

Nbr

=

Number of bedrooms (not to be less than one)

The equivalent table to find the required ventilation is as follows:

Bedrooms

Floor Area
(ft2)

1

2

3

4

5

<500

30

38

45

53

60

501-1,000

45

53

60

68

75

1,001-1,500

60

68

75

83

90

1,501-2,000

75

83

90

98

105

2,001-2,500

90

98

105

113

120

2,501-3,000

105

113

120

128

135

3,001-3,500

120

128

135

143

150

3,501-4,000

135

143

150

158

165

4,001-4,500

150

158

165

173

180

4,501-5,000

165

173

180

188

195

Table 1. Required ventilation rate in CFM (ASHRAE 62.2—2013)
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With both the total floor area of a home’s conditioned space and the number of
bedrooms, one can find the required continuous ventilation flow rate in CFM. Depending
on the condition, this standard might require an exception. Some of these exceptions
include air infiltration rate, occupant density, and intermittent ventilation.
In addition to the continuous or intermittent ventilation requirement for the entire
home per ASHRAE 62.2—2013 standards, localized exhaust is required in kitchen and
bathroom spaces. Section 5, titled Local Exhaust specifies the system requirements for
exhausting both the kitchen and the bathroom spaces. The two ways to satisfy
requirements for local exhausting are from either demand-controlled exhaust units or
continuous exhaust units. The following tables from ASHRAE 62.2—2013 define the
local exhausting requirements:

Application
Kitchen

Airflow
100 CFM

Bathroom

50 CFM

Notes
Vented range hood (including appliance-range hood
combinations) required if exhaust fan flow rate is less
than five kitchen ACH.

Table 2. Demand-controlled local ventilation exhaust airflow rates

Application

Airflow

Notes

Kitchen

5 CFM

Based on kitchen volume.

Bathroom

20 CFM

Table 3. Continuous local ventilation exhaust airflow rates
Tables 2 and 3 from ASHRAE 62.2—2013 define the necessary flow rates for both
demand-controlled and continuous methods in the kitchen and bathroom setting.
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Following Section 5, ASHRAE 62.2—2013 specifies Other Requirements. The
other requirements that in this section include clothes dryers, air inlets, minimum
filtration, ventilation openings, pressure differences, and alarm systems. Clothes dryers
require exhausting. A condensing dryer would be an exception, but would need a
drainage method. Air inlets are required to be a minimum of 10 feet from any pollutant
source. The designated minimum efficiency filtration required by the ASHRAE 62.2—
2013 standard is an MERV rating of 6 or better for all mechanical systems that provide
supply air.

4.7—ASHRAE 152 – 2014
The purpose of the ASHRAE 152—2014 is to prescribe a test method to
determine the efficiency of space heating and/or cooling thermal distribution systems
under seasonal and design conditions. Similar to ASHRAE 52.2—2012, this standard
merely prescribes a test method. The intended purpose is to provide the user with
thermal distribution system efficiencies for both heating and cooling systems. Its
complexity would make it difficult for a homeowner of no experience in mechanical
engineering to grasp the testing procedure. For this reason, while not explicitly stated, it
appears that the intended user of this testing procedure is someone with a mechanical
engineering background. The relevant documentation for ASHRAE 152—2014 is in
Appendix G.
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4.8—ACCA Manual J – 8th Edition
ACCA is the abbreviation for Air Conditioning Contractors of America. The
purpose of the ACCA Manual J—8th Edition is to produce equipment sizing loads for
single-family detached homes, small multi-unit structures, condominiums, townhouses
and manufactured homes. The codes and standards throughout this chapter reference
the ACCA Manual J as a proper load calculator. History has shown that HVAC systems
are typically oversized (Paoli, 2011). HVAC systems are typically oversized because the
engineer and building owner wants to avoid an undersized HVAC system that does not
have the potential to provide a comfortable space for periods of peak thermal loads
(Nall, 2015). While this is true for undersized HVAC systems, oversized HVAC systems
have their own problems. Oversized HVAC systems run on very sporadic schedules, as
they are unable to be constantly running. This produces larger disparities in thermal
conditions within the space, as well as increased energy consumption. Properly sized
HVAC systems ensure thermal comfort and minimal energy consumption.
Accurate HVAC system sizing is very difficult due to the number of factors that
affect heating and cooling loads (Paoli, 2011). Fortunately, load calculations have
gained accuracy in recent years (Nall, 2015). The improved accuracy of these load
calculations have come from improvements in the calculation’s input data sets. The
ACCA Manual J—8th Edition is an example of this improved input. Correct input into the
calculation requires the user to be knowledgeable about all aspects of the intended
home. Assuming the user of the ACCA Manual J—8th Edition is knowledgeable about
the project, load calculation results will be sensitive to a variety of factors. These factors
range from altitude to latitude and longitude to heat loss from log construction. This level
of sensitivity built into the ACCA Manual J—8th Edition and other load calculation
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methods have greatly improved the accuracy of estimating building heating and cooling
loads.

4.9—ACCA Manual D – 3rd Edition
The purpose of the ACCA Manual D—3rd Edition is to produce properly sized
ducts. This manual does not apply to all HVAC systems. Only ducted systems would
require the use of the ACCA Manual D—3rd Edition. Similar to the ACCA Manual J, the
codes and standards throughout this chapter reference the ACCA Manual D as a proper
duct size calculator. Improper duct sizing will lead to complications in the HVAC
system’s efficiency and effectiveness (Richardson, 2014).

4.10—ASTM E1554 / E1554M-13
ASTM is the abbreviation for American Society for Testing and Materials. The
ASTM E1554 / E1554M-13 is the Standard Test Method for Determining Air Leakage of
Air Distribution Systems by Fan Pressurization. This standard provides test methods to
determine air leakage of air distribution in both low-rise residential and commercial
building settings. Similar to the ACCA Manuals J and D, the codes and standards
reviewed throughout this chapter reference the ASTM E1554 / E1554M-13 standard.
Within the scope of the ASTM E1554 / E1554M-13 standard, it indicates that the proper
use of these test methods requires knowledge of the principles of air flow and pressure
measurements.
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4.11—LEED for Homes Design and Construction v4
LEED stands for Leadership in Energy and Environmental Design. LEED is an
independent green building certification program established by the U.S. Green Building
Council. Buildings become certified by attaining the standards set forth by its rating
system. LEED has grown from one rating system for new construction to five standard
rating systems that certify all types of construction and development. LEED for Homes
Design and Construction v4 is the current green building certification program for homes.
The relevant documentation for the LEED Reference Guide for Homes Design and
Construction is in Appendix H.
The rating systems throughout LEED all follow a uniform point system. Figure 4
graphically depicts the rating system set forth by LEED.
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Figure 4. LEED rating system

The rating system that has been established by LEED is on a 100-point scale. Nine
credit categories make up the 100 points of the LEED rating scale. The nine credit
categories are:
1. Integrative Process
2. Location and Transportation (LT)
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3. Sustainable Sites (SS)
4. Water Efficiency (WE)
5. Energy and Atmosphere (EA)
6. Materials and Resources (MR)
7. Indoor Environmental Quality (EQ)
8. Innovation (IN)
9. Regional Priority (RP)
Of the nine credit categories, only two are relevant to either IAQ or space conditioning.
Those two sections include EA and EQ.
The EA section of the LEED for Homes Design and Construction v4 has a
potential of 29 points of the 100 available points in the LEED rating system. Of the 29
potential points in the EA section, 10 points are relevant to space conditioning. These
ten potential space conditioning related points are within three categories of the EA
section. These three categories of the EA section include Building Orientation for
Passive Solar, Space Heating & Cooling Equipment, and Heating & Cooling Distribution
Systems.
The EQ section of the LEED for Homes Design and Construction v4 has a
potential of 16 points of the 100 available points in the LEED rating system. Of the 16
potential points in the EQ section, 13 points are relevant to IAQ. These 13 potential
IAQ-related points are within six categories of the EQ section. These six categories of
the EQ section include Enhanced Ventilation, Contaminant Control, Enhanced
Compartmentalization, Combustion Venting, Enhanced Garage Pollutant Protection, and
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Low-Emitting Products. The EQ section of the LEED for Homes Design and
Construction v4 also requires some features that acquire no points. These requirements
that acquire no points are prerequisites in the LEED green building certification program.
These prerequisites include Ventilation, Combustion Venting, Garage Pollutant
Protection, Radon-Resistant Construction, Air Filtering, Environmental Tobacco Smoke
(elimination), and Compartmentalization.

4.12—Indoor airPLUS standards
The codes and standards that have been discussed touch upon certain facets of
this complex subject matter. The EPA’s Indoor airPLUS Version 1 (Rev. 2) instead,
summarizes all of the facets regarding IAQ and space conditioning as a whole. Where
necessary, Indoor airPLUS Version 1 (Rev. 2) references the all of the codes and
standards mentioned above. Indoor airPLUS Version 1 (Rev. 2) is a standard that has
been adopted by all ENERGY STAR Certified Homes Version 3. Homes must also
complete the ENERGY STAR Certified Homes Version 3 checklist to earn the Indoor
airPLUS label.
Since all of the topics covered in Indoor airPLUS Version 1 (Rev. 2) construction
specifications are relevant to IAQ and space conditioning, this document will be
summarized in its entirety. The Indoor airPLUS Version 1 (Rev. 2) construction
specifications is in Appendix I for reference.
The first topic covered in this standard is moisture control. From the Journal of
Environmental Health’s Moisture and Hidden Problems (2004) article, it is apparent that
moisture can lead to some very serious issues. These issues include unsightly aesthetic
issues, structural damage, and IAQ problems. From this article, it is also apparent that
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there are two different ways moisture enters a home or any building for that matter. The
first being ‘rising moisture’ and the second being ‘penetrating moisture.’ The Journal of
Environmental Health has defined ‘rising moisture’ as, “…when water from the ground
seeps into the foundation of a building and rises vertically through porous building
material such as brick or stone.” In comparison, the Journal of Environmental Health
has defined ‘penetrating moisture’ as any moisture or dampness that travels in a lateral
fashion.
Fortunately, Indoor airPLUS Version 1 (Rev. 2) is well aware of these issues. To
mitigate ‘rising moisture’ concerns, Indoor airPLUS Version 1 (Rev. 2) construction
specifications establish the proper site and foundation drainage guidelines. Also, the
EPA provides capillary break installation guidelines alongside damp-proofing and
waterproofing below-grade exterior wall guidelines. Last of the topics regarding ‘rising
moisture’ issues, the EPA implements basement and crawlspace insulation guidelines.
To prevent the complications with ‘penetrating moisture,’ Indoor airPLUS Version 1 (Rev.
2) construction specifications provide appropriate drainage plane and drainage system
guidelines, as well as window and door opening guidelines. Also, the Indoor airPLUS
Version 1 (Rev. 2) construction specifications includes gutters, downspouts and site
drainage guidelines, roof to wall intersection guidelines, roof eave guidelines, and vapor
retarder guidelines. Lastly, the standard specifies material selection guidelines to avoid
‘penetrating moisture.’
The second topic covered by Indoor airPLUS Version 1 (Rev. 2) construction
specifications is radon mitigation. The United States’ Agency for Toxic Substances
Disease Registry describes radon as, “...a naturally occurring colorless, odorless,
tasteless radioactive gas.” Radon can accumulate in homes that do not have radon
barriers and are poorly ventilated. The prolonged exposure to radon can lead to lung
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cancer. This phenomenon is caused by the decay of radon in one’s lungs producing a
daughter product that damages lung tissue and increases incidence of lung cancer.
Once again, the EPA standard recognizes that something needs to be done to protect
occupants in homes throughout the nation and in turn provides guidelines on how to
implement the radon-resistant construction.
The next topic examined by Indoor airPLUS Version 1 (Rev. 2) construction
specifications is pest barriers. Pest barriers protect both the home from structural
damage and the home occupants from unwanted exposure. Pests, such as termites can
cause structural damage to any home built with wooden components. Termites are
wood-dwellers, whereby wood acts as both their food source and shelter (Korb, 2007).
The fact that termites are wood-dwellers makes almost all homes throughout the nation
susceptible to damage. Along with the structural damage that pests induce, pests such
as rodents and birds generate fecal matter that could potentially be detrimental to human
health. Scientists have discovered that exposure to the fecal matter of rodents can
cause serious diseases to human from the zoonotic viruses that rodents inherently carry
(Phan et al., 2011). To avoid issues with pests and rodents altogether, the standards set
forth by the EPA have developed guidelines that minimize pathways for pest entry.
The following section, and largest section in the Indoor airPLUS Version 1 (Rev.
2) construction specifications is HVAC systems. The HVAC system and design
reference ACCA’s Manual J, ASHRAE standards, and 2009 IECC. Appropriate duct
system design and installation guidelines alongside references to ACCA’s Manual D and
ASHRAE standards. Suitable location of air-handling equipment and ductwork
guidelines receive an entire section. Room pressure differentials reference Residential
Energy Services Network (RESNET) standards. Mechanical whole-house ventilation
follows ASHRAE 62.2—2010 standards. Placement and requirements for exhausting

46

localized areas are defined. The last issue examined in this section is filtration
requirements. Within the HVAC systems section of the Indoor airPLUS Version 1 (Rev.
2) construction specifications, it is clear how to both ventilate and filtrate a home’s
environment. Its importance is critical as ventilation and filtration make up two of the
three actions that need to take place prior to achieving adequate IAQ.
The section immediately following HVAC systems in the Indoor airPLUS Version
1 (Rev. 2) construction specifications is combustion pollutant control. By avoiding
unnecessary scenarios and/or properly ventilating where need be, home builder obtains
compliance with this section. Strategies on averting unnecessary scenarios and proper
ventilation are in subsections 5.1—Combustion Equipment Located in Conditioned
Spaces, 5.3—Multi-Family Environmental Smoke Protections, and 5.4—Attached
Garages. An exception may include, locating heating combustion equipment outside of
the conditioned space. Supplementing these standards are the requirement of alarm
systems to notify occupants when they are in potential danger of carbon monoxide.
In the sixth section of Indoor airPLUS Version 1 (Rev. 2) construction
specifications, the EPA reviews the guidelines for material selection. This section
becomes the primary example of how elimination should take place. The concern found
throughout this entire section is on VOCs. This standard acknowledges the negative
effects caused by the exposure to VOCs. Throughout the Indoor airPLUS Version 1
(Rev. 2) standard, one finds that only products with low-VOC or no-VOC certification are
allowed. This section is satisfied by selecting the correct composite woods, carpeting,
interior paints, and finishes.
Last but not least, the Indoor airPLUS Version 1 (Rev. 2) construction
specifications defines the guidelines of how to properly conduct home commissioning.
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Many professionals in the field know all too well that the intended result does not always
happen. For this reason, it is imperative that the standards include verification of
mechanical systems. Also the Indoor airPLUS Version 1 (Rev. 2) construction
specifications ensures effective ventilation after material installation has taken place.
Lastly, Indoor airPLUS Version 1 (Rev. 2) discusses education. This standard requires
the builder to provide buyers with the information regarding all of the home’s IAQ
protection features. Educating the homeowner is potentially one of the most important
factors as it attempts harmonize the design intention with actual home usage.
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CHAPTER 5 – SYSTEMS AND STRATEGIES

5.1—Systems and strategies overview
There are a variety of systems and strategies that accomplish both IAQ and
thermal comfort standards in the residential setting for the Mojave Desert climate region.
The systems and/or strategies that are capable of providing thermal comfort to the
Mojave Desert’s homes throughout much of the year have to operate at extreme
temperatures ranges. The Mojave Desert climate region experiences below freezing to
above 100°F temperatures (Webb, 2009).
The systems being reviewed use two types of fuel sources, electricity and natural
gas. Systems that utilize electricity or natural gas have been selected because residents
within the Mojave Desert climate region have these fuel sources readily available to
them. According to the U.S. Energy Information Administration (2011), homes in
California, Nevada, Arizona and Utah all consume both electricity and natural gas as
their fuel sources. Of the 113.6 million households within the entire western region, 94
million use air conditioning. The air conditioning systems being used by all 94 million
households run on electricity. Of the 113.6 million households within the entire western
region, 110.1 million homes utilize space heating. Of the 110.1 million homes utilizing
space heating, 55.6 million homes use natural gas and 38.1 million homes use
electricity. The remaining homes use either kerosene or wood burning stoves.
By first knowing the appropriate fuel types, selection of the applicable systems
can take place. The systems or combination of systems that are discussed in this
chapter include:
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1. Central Air Conditioner and Gas Furnace
2. Central Air Conditioner and Electric Boiler
3. Central Air Conditioner and Electric Baseboard
4. Air Source Heat Pump
5. Ground Source Heat Pump
6. Mini-Split Heat Pump
7. Evaporative Cooler and Gas Furnace
Each system(s) has a corresponding description and illustration provided later in this
chapter.
An efficiency rating is typically given for all space conditioning systems. These
rating measurements include, but are not limited to:
1. Annual Fuel Utilization Efficiency (AFUE) – applicable for combustion heating
appliances
2. Coefficient of performance (COP) – applicable for heat pumps
3. Heating season performance factor (HSPF) – applicable for heat pumps
4. Season energy efficiency ratio (SEER) – applicable for cooling systems
The efficiency rating of systems are an estimate of a system’s performance during its
entire heating or cooling season. A minimum efficiency rating for each system is
governed by federal law and varies from locality to locality (IECC—2009).
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The seven systems or combination of systems will typically not meet the
continuous ventilation requirements set by ASHRAE 62.2—2013 standards. The
continuous ventilation requirements are in Table 1. Systems will not satisfy the required
continuous ventilation requirements set by ASHRAE 62.2—2013 standards because
these systems run most efficiently when set on an automatic setting. The automatic
setting will allow each system to run intermittently; only operating when thermal comfort
is not satisfied. It is possible that the centralized space conditioning systems or
combination of systems can still accomplish ASHRAE 62.2—2013 standard or wholebuilding ventilation via intermittent ventilation. However, the actual results for ventilation
can be difficult to determine. Also, the centralized systems that have the ability to meet
ventilation requirements does need a properly located intake and exhaust. For this
reason, dedicated ventilation will likely be required for all systems.
Dedicated ventilation systems include whole-house fans, energy recovery
ventilators (ERVs), heat recovery ventilators (HRVs), and natural ventilation. Wholehouse fans use the heating and/or cooling’s ductwork to provide fresh air and to exhaust
the polluted indoor air, assuming that there is an air intake and exhaust. The dilemma
with operating whole-house fans in-between heating and/or cooling cycles is the loss of
conditioned air. The conditioned air within the indoor environment required energy to
acquire its thermal characteristics. By simply exhausting the conditioned air and
supplying unconditioned fresh air, the heating or cooling system now has to work harder
to maintain thermal comfort. ERV and HRV systems are the solutions that capture a
portion of the conditioned air’s stored energy prior to being exhausted. While both the
ERV and HRV systems capture the exhausted conditioned air’s energy to either cool or
heat the incoming fresh air, the ERV also transfers moisture.
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According to many leading ERV and HRV manufacturers, such as Lennox, the
characteristic of the HRV systems only transferring energy makes them ideal for cold,
dry or desert-like climates (Lennox Industries Inc., 2014). HRV systems tested in Korea
have proven to have annual heating and cooling energy savings. The energy saving
figures that were obtained for heating and cooling were 9.45% and 8.8% respectively
(Kim et al., 2012). According to Kim et al. (2012), the external temperatures that were
experienced throughout the year of the study for winter and summer averaged -5°C
(23°F) and 30°C (86°F) respectively. Knowing that the Mojave Desert’s average
summer temperature is more severe, it would be likely that the expected cooling energy
savings would typically exceed 8.8%. The ability to control the amount of fresh air
incorporated in either an HRV or ERV is customarily available. Depending on a home’s
floor area, an HRV or ERV system can be sized appropriately to meet ASHRAE 62.2—
2013 ventilation standards. According to Kovesi et al. (2009), a HRV system alone can
bring carbon dioxide concentrations to within recommended levels. Also, a HRV system
is capable of controlling radon levels (Akbari et al., 2013). These are all positive
attributes.
The last ventilation strategy is natural ventilation. This requires opening any window,
door or skylight. While the operating of a window, door, or skylight consumes no energy,
it has some major deficiencies. These deficiencies include:
1. Inability to capture exhausted air’s stored energy.
2. No control over the amount of air being supplied and exhausted.
3. Lack of filter allows unwanted pollen and particulates into the home.
For these reasons, the dedicated ventilation system proposed for all seven systems or
combination of systems will be an HRV system.
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5.2—Systems coupled with an HRV
The various systems covered in Chapter 5 are discussed in greater detail as
follows.

Central air conditioner and gas furnace with an HRV
Figure 5 provides the schematics of a central air conditioner and gas furnace
combination with an HRV. The central air conditioner requires a condenser (outdoor
unit), refrigeration lines and evaporator (indoor unit) to function. The gas furnace
requires a furnace and furnace flue or chimney to function. Both the central air
conditioner and gas furnace share a blower and ductwork to move conditioned air
throughout the space. Ductwork can provide even cooling and heating in the space, but
often incurs a higher cost (Energy.gov, 2014). This combination of systems can be
difficult to install in a retrofit scenario where there is no existing ductwork. Using a
centralized system does limit the ability to have individualized temperature control.
More than half of the residents in climate zone three, use natural gas for space
heating (U.S. EIA, 2009). The Mojave Desert climate region lies within climate zone
three or mixed dry/hot-dry climate. Residents often use natural gas instead of electricity
because of price.
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Figure 5. Central air conditioner and gas furnace

Central air conditioner and electric boiler with an HRV
Following the central air conditioner and gas furnace with an HRV combination of
systems are a central air conditioner and an electric boiler with an HRV. The central air
conditioner setup remains the same with its condenser (outdoor unit), refrigeration lines,
evaporator (indoor unit), blower and ductwork. It is the electric boiler that takes an
entirely different approach to heating than a gas furnace. Instead of heating up air, an
electric boiler heats water. This heated water moves through either baseboard heaters
or wall-mounted radiators (shown in Figure 6) to heat the space within a home. The
exposed hot water pipes in this scenario do present a problem for infants, toddlers and
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elderly. Similar to the previous system, the ductwork typically incurs a higher cost and
may be difficult in retrofit situations.
The HRV shown in Figure 6 presents greater economic value than the previous
combination of systems because the heating system does not move air. Also, the HRV
can provide continuous ventilation that meets ASHRAE 62.2—2013 standards.

Figure 6. Central air conditioner and electric boiler

Central air conditioner and electric baseboard with an HRV
The central air conditioner setup remains the same with its condenser (outdoor
unit), refrigeration lines, evaporator (indoor unit), blower and ductwork. Once again, the
ductwork typically incurs a higher cost and may be difficult in retrofit situations. Contrary
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to this, the electric baseboards are easy to install in retrofit applications. According to
Energy.gov (2013), operating electric resistance type heaters incur higher operating
costs in comparison to combustion heaters. Also, furniture placement becomes limited,
as furniture cannot block the electric baseboards. If furniture or any object blocks the
electric heater, the electric baseboard’s ability to heat the space is hindered
(Energy.gov, 2013)
Similar to Figure 6, the central air conditioner and electric baseboard combination
values its HRV greatly because the heating systems do not move air. Again, the HRV
can provide continuous ventilation that meets ASHRAE 62.2—2013 standards.

Figure 7. Central air conditioner and electric baseboard
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Air source heat pump with an HRV
In Figure 8, an illustration depicting the schematics of an air source heat pump is
shown. Unlike the other three combinations of systems, an air source heat pump uses
energy to move heat as opposed to creating it (Energy.gov, 2014). Also unlike the other
three combinations of systems, this single system can complete both heating and
cooling as opposed to just one function. Within moderate temperature ranges, the
amount of energy it takes to move a single unit of heat is far less energy than it takes to
create a single unit of heat. The problem here is that as the temperatures become
extreme, system efficiency will decrease. In severe cold weather, there is insufficient
heat to move from the ambient environment, which is why they often require a backup
electric resistance heater (Allen, 2012). In severe hot weather, there is too much heat in
the ambient environment to absorb additional heat.
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Figure 8. Air source heat pump

Ground source heat pump with an HRV
Identical to an air source heat pump in many characteristics, a ground source
heat pump shown in Figure 9, also accomplishes both heating and cooling. Ground
source heat pumps rely on the steady temperature found roughly five feet below the
ground surface (Huttrer, 1997). Different ground source heat pump configurations are
available. Standing column wells, open loops, closed horizontal loops, and closed
vertical loops are among the variety of configurations for ground source heat pumps
(Huttrer, 1997). Figure 9 represents a closed horizontal loop configuration.
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Figure 9. Ground source heat pump

Mini-split heat pump with an HRV
The mini-split heat pump also satisfies both heating and cooling with a single
system. Compared to all of the other systems or combinations of systems shown in
Figure 5 through 9, Figure 10 represents a completely ductless thermal conditioning
system. There is no ductwork because the air handler (indoor unit) has an independent
refrigerant line and electrical conduit to the condenser (outdoor unit). The absence of
ductwork eliminates up to 30% of energy loss from air distribution, along with the ability
to have individualized temperature controls (Roth, 2006). Also, no ductwork increases
feasibility into retrofits (Energy.gov, 2012). Adversely, the absence of ductwork in the
mini-split heat pump makes the system incapable of achieving any ventilation without
assistance.
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Figure 10. Mini-split heat pump

Evaporative cooler and gas furnace with an HRV
Figure 11 represents a combination of systems that takes advantages of the
Mojave Desert’s arid climate. The evaporative cooler in a residential setting cools fresh
air before distributing it throughout a home. An evaporative cooler typically cost half as
much to install compared to a central air conditioner. It also uses a quarter of the energy
compared to a central air conditioner (Energy.gov, 2014). However, increasing humidity
caused by the operation of an evaporative cooler can lead to moisture problems. During
operation, a window is typically opened to release both, the hotter indoor air, and the
accumulating moisture. Unfortunately, opening windows subjects the home to unwanted
pollen and other particulates (Burroughs et al., 2011).
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Figure 11. Evaporative cooler and gas furnace
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CHAPTER 6 – RESEARCH DATA

6.1—Race to Zero Student Design Competition overview
The Race to Zero Student Design Competition was formulated by the U.S.
Department of Energy to challenge the students and faculty of international collegiate
institutions. In an attempt to facilitate an environment for students to become leaders in
innovative design, the competition is based on one of the two scenarios:
1. A builder needs to update an existing product line (house plan) to a highperformance house design.
2. Develop a new high-performance home from the ground up.

6.1.1—Competition requirements
The requirement was that each team achieves a Net Zero Energy Ready Home
(specified by the DOE) energy performance along with a few other performance
attributes. Teams must show competency by effectively integrating building science
principles throughout home’s design. Building envelope and mechanical system design
remain amongst the highest priorities. Teams were also required to demonstrate their
home’s affordability with a 30-year mortgage calculation, developed from estimated
construction costs.
The competition timeline is shown in Figure 12. The competition rubric is shown
in Table 4. Design goals and envelope durability had the highest point values.
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6.1.2—Competition timeline

•Registration Deadline: December 15,2014
•Design Development: 2014 Fall/2015 Spring Semester

Design

Deadline

Competition

•Project Submission: March 22, 2015
•PowerPoint Presentation Upload: April 12, 2015

•Race to Zero Competition: April 18-20, 2015
•Final Judging and Award Event: April 18-19, 2015

Figure 12. Competition timeline (U.S. Department of Energy, 2015)
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6.1.3—Competition rubric

Section
A

Subject Area
Team Qualifications

Juror
Maximum
Rating
Percent
Point Value
Scale
Weighting*
Complete Documentation

B

Design Goals

25

0-5

0%-100%

0-25

C

Envelope Durability

15

0-5

0%-100%

0-15

D

Indoor Air Quality
Evaluation

10

0-5

0%-100%

0-10

E

Space Conditioning

10

0-5

0%-100%

0-10

F

Energy Analysis

10

0-5

0%-100%

0-10

G

Financial Analysis
Domestic Hot Water,
Lighting, &
Appliances
Construction
Documents
Industry Partners

10

0-5

0%-100%

0-10

7

0-5

0%-100%

0-7

8

0-5

0%-100%

0-8

5

0-5

0%-100%

0-5

H
I
J

Subject
Area
Points

Table 4. Competition rubric (U.S. Department of Energy, 2015)

6.2—Addressing IAQ for the Race to Zero Student Design Competition
With the aim of each student team member to identify the optimal selection for
their elected building system, a few things needed to be established. Arbitrarily running
simulations without creating a scientific control could potentially lead to improper
recommendations, as multiple variables affect the simulation output. The scientific
control, in this case, was a standard home design that was used by all students to run
their BEopt simulations (National Renewable Energy Laboratory, 2015). If the home
design being utilized in the BEopt simulation varied from person to person, results would
be inaccurate and not relevant to the total design. To properly create a scientific control,
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some initial research was performed in conjunction with local builders to establish typical
floor area, ceiling heights, and material/system selection for the Mojave Desert region.
The gathered data has led the team to create a baseline model that had a floor area of
1,800 ft2 (60’-0” x 30’-0”). This 1,800 ft2 single-story home was comprised of three
bedrooms, two bathrooms, and a 9 ft ceiling height with earth-tone exterior color
arrangement. Its HVAC system comprised of a central air conditioner and gas furnace
combination. Glazing was determined by finding the amount of glazing needed to
achieve an average daylight factor (DFavg) of 4%, according to ASHRAE 189.1-2014.
The standard determined that a DFavg of 4% would require the total glazing area to be
360 ft2. Glazing areas varied per building elevation because the west and east glazing
was difficult to protect from direct solar heat gain. Finer details such as window sill
height would not be needed to run the BEopt simulation. Also, the baseline model
removed all interior components to avoid any erroneous results.
More detailed characteristics of the baseline home includes an orientation of the
baseline home running east to west, with its longest elevations (60’-0”) facing north and
south. The goal of the baseline was to create a simulated home that reflected the typical
home in the Mojave Desert as well as a home that met 2009 IECC standards. In doing
so, the baseline home included R-13 wood stud construction with half-inch gypsum
sheathing on either side of the wall; R-30 vented roof with terra cotta tiles; R-10 concrete
floor slab with R-5 XPS insulation; 250 ft2 of double-pane, high-gain low-E, argon filled
non-metal frame (U-value of 0.37 and solar heat gain coefficient of 0.53) glazing that
was evenly distributed on all four façades; SEER 13 central air conditioner and 78%
AFUE gas furnace.
The following page illustrates a data table and graph (Table 5) of the simulated
standard home mentioned above. In Table 5, the results for fourteen different
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combinations of systems are shown. The names of the systems that correspond with
their respective data are provided at the top of the table. Table 5 displays data for the
annual energy consumption total along with component breakdown for fourteen
alternatives. Additionally, installation costs relative to the ‘BASELINE’ system are shown
above each set of bar graph figures. The ground source heat pumps reflect the highest
installation cost while the air source heat pumps and mini-split heat pumps demonstrate
the lowest installation cost. Table 5 shows the ‘BASELINE’ system being the highest
annual energy consumer and the ‘Mini-Split Heat Pump, SEER 27, 11.5 HSPF’ system
being the lowest energy consumer.

66

6.3—Results and recommendations

Table 5. Space conditioning decision matrix based on annual estimated energy
consumption
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There is a need for an HVAC system that defines the optimal balance of reduced
energy consumption combined with a low cost while still being able to accomplish space
conditioning effectively. The data indicate six combinations of systems that have the
potential to condition the space of a home within the Mojave Desert climate region. A
total of seven space conditioning methods are simulated to make up the six
combinations of systems. These six combinations of systems underwent BEopt
simulations under the same conditions with its results representing annual energy
consumption, as well as installation costs. Each of the six space combinations of
systems were simulated with various models that differ in its efficiency rating. Simulating
varying model efficiencies for all six space combination of systems allows the simulation
to remain unbiased towards any specific space conditioning method. All model
efficiencies either meet or exceed 2009 IECC standards. The results represent the
amount of energy that is necessary to condition the space without any plug loads for a
1,800 ft2 home in the Mojave Desert. Once again, plug loads were not incorporated. No
plug loads ensured that the results provided a clear direction for the recommended
systems for the Mojave Desert without any conflict.
From the data, large variations in annual energy consumption have resulted in
the various simulated systems or combination of systems. The base model represents
typical Mojave Desert construction. According to local builders of Southern Nevada, a
central air conditioner coupled with a gas furnace represents the majority of HVAC
systems within homes of this region. Interestingly enough, the central air conditioner
coupled with a gas furnace is the worst performer in terms of energy consumption. The
BASELINE system (or both options A and B for that matter) utilize a gas furnace to
satisfy its heating loads. The use of natural gas is unlike any of the five other systems or
combination of systems being simulated. Operation cost often becomes the driving
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factor as it is common that natural gas is cheaper than its energy equivalent in electricity.
Regardless of actual energy cost, the concern is with total energy consumption; whether
the energy consumption comes from electricity or natural gas, it does not matter.
Analyzing the data, it is clear that, of the methods that were simulated, the minisplit heat pump was the best overall performer. Not only did the mini-split heat pump
consume less annual energy, it had the lowest installation costs of any of the simulated
systems or combination of systems. The mini-split heat pump is a system that singlehandedly accomplishes heating and cooling with no ductwork. This is one of the most
important reasons why the mini-split heat pump system had the best overall
performance.
It has been determined that the mini-split heat pump is one of the top performers
in energy consumption and installation cost from all of the feasible heating and cooling
space conditioning systems in the Mojave Desert. The problem is that there are some
glaring issues that still require a resolution. From an IAQ standpoint, the mini-split heat
pump system is a poor performer. The only thing attributing to improving IAQ with the
mini-split heat pump system is its built-in filter. While having a non-ducted system is
great in terms of installation costs and energy efficiency, it does not provide a way to
ventilate the air within the space. The mini-split heat pump system merely recirculates
the air within the space. While the built-in filter can trap certain particulates, it also
allows for the accumulation of radon, carbon dioxide and VOCs if there is no exterior
ventilation (Bernstein et al., 2008). The accumulation of radon, carbon dioxide, and
VOCs contribute to a deteriorating IAQ.
The general configuration of a typical mini-split heat pump is depicted in Figure
13. The configuration of a mini-split heat pump consists of an outdoor condenser unit

69

with conduit for refrigerant and wiring connected to an indoor air handler. An absence of
ductwork makes this system ideal for renovation. The major drawback from this system
characteristic is an inability to ventilate the interior space. Mechanical assistance is
required to ventilate the interior space, according to ASHRAE 62.2—2013 standards.
Using the chart found in Table 1 and the characteristics of our baseline home, we know
that an HRV capable of producing 90 cfm continuous ventilation is required.

Figure 13. Mini-split heat pump diagram
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CHAPTER 7 – DESIGN GUIDELINES

7.1—Design guideline overview
This chapter applies all of the knowledge of IAQ, thermal comfort and HVAC
systems to create a set of design guidelines found in Tables 6-13. This set of design
guidelines suggests to a homeowner or future homeowner in the Mojave Desert climate
region of the systems and strategies that he or she should implement in their home. A
variety of scenarios is possible with any given home. These scenarios include:
1. New Construction
2. Retrofit…
a. A home that does not have existing ductwork.
b. A home that has existing ductwork that is non-compliant with 2015 IRC.
c. A home that has existing ductwork that is compliant with 2015 IRC.
Unlike retrofits, the new construction gives the owner freedom to integrate any system
and strategy into a home without any extraordinary cost implications.

7.2—Design guideline
The examined systems or combination of systems that are in the design
guideline include:
1. Central Air Conditioner and Gas Furnace
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2. Central Air Conditioner and Electric Boiler
3. Central Air Conditioner and Electric Baseboard
4. Air Source Heat Pump
5. Ground Source Heat Pump
6. Mini-Split Heat Pump
7. Evaporative Cooler and Gas Furnace
8. HRV
Each of the examined systems or combination of systems have a separate design
guideline graphic that is presented in the order shown above. The systems or
combination of systems are analyzed amongst each other following the presentation of
all design guideline graphics.
The characteristics of each system include:
1. Does the system have the capability of providing ventilation?
2. What is the typical initial cost of the system?
3. What is the typical energy consumption of the system?
4. What is the expected maintenance?
5. What is the expected lifetime of the system?
6. Can the system be easily repaired?
7. What is the expected air quality of the system?
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8. Is the system capable of individualized temperature control?
9. What are the typical noise levels from the system?
10. Does the system require a chimney?
11. What is the required space of the system?
12. Is the system ducted?
Understanding the characteristics of each potential space conditioning system allows for
a straightforward decision to be made. Each of the design guideline graphics (Table 613) have the system characteristic questions listed on the left-hand column and the
answers to those questions on the right-hand column. Each of the characteristics has a
designated point value. In the left-hand column, the range of point values that are
associated with that particular characteristic is notated. The point values vary depending
on the significance of the characteristic. Next to each answer in the right-hand column,
the acquired value for each characteristic is shown. The total accumulated points are
found on the bottom row of each design guideline graphic. The system or combination
of systems that accumulate the greatest number of points equate to the optimal system
for a new construction scenario. The retrofit scenarios favor certain space conditioning
systems due to ease of installation. Due to the preference of certain space conditioning
systems in retrofit scenarios, the system or combination of systems that accumulate the
greatest number of points is only truly applicable in a new construction scenario.
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Table 6. HVAC design guideline for current/future homeowners of the Mojave Desert
(Central Air Conditioner & Gas Furnace)
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Table 7. HVAC design guideline for current/future homeowners of the Mojave Desert
(Central Air Conditioner & Electric Boiler)
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Table 8. HVAC design guideline for current/future homeowners of the Mojave Desert
(Central Air Conditioner & Electric Baseboard)

76

Table 9. HVAC design guideline for current/future homeowners of the Mojave Desert
(Air Source Heat Pump)
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Table 10. HVAC design guideline for current/future homeowners of the Mojave Desert
(Ground Source Heat Pump)
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Table 11. HVAC design guideline for current/future homeowners of the Mojave Desert
(Mini-Split Heat Pump)
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Table 12. HVAC design guideline for current/future homeowners of the Mojave Desert
(Evaporative Cooler & Gas Furnace)
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Table 13. HVAC design guideline for current/future homeowners of the Mojave Desert
(Heat Recovery Ventilator)
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In Table 6-13, a design guideline for homeowners is illustrated. As previously
noted, a comparison of different space conditioning strategies and its characteristics
have been made. Each design guideline graphic depicts a space conditioning system or
combination of systems that have the ability to thermally condition a home in the Mojave
Desert, with the exception of the HRV. The columns depict various characteristics that a
homeowner needs to be well-aware of prior to having a chosen space conditioning
system, or combination of systems installed.
To help the design guideline provide any real feedback for the homeowner, a
value system has been formulated for the given characteristics, with the exception of the
ducted system characteristic. Depending on how the HVAC ducting in a residential
setting is viewed, it can either be a negative or a positive attribute. Sam Rashkin
explains in Air Conditioning, Heating & Refrigeration News that on average 30-40% of
the air that moves through ductwork leaks (Anesi, 2014). Positive attributes include,
ductwork has noted as an ideal way to evenly condition a space when installed properly
(Allen, 2012).
Continuing with the value system that has been established for this design
guideline, it is clear that not all questions regarding system characteristics can be
answered with a ‘yes’ or ‘no’ response. Instead, a range of answers need to be
provided. These range of answers included a rating of low, medium, and high. For the
characteristics that required a range of answers, it is possible that an answer of ‘high’ for
two characteristics have totally different meanings. ‘High’ could be a positive attribute or
a negative attribute depending on the characteristic. For this reason, the characteristics
that require a range of options to answer have been split up into two categories. It is
clear in the design guideline, as each category has its color designation.
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The systems or combination of systems that accumulate the most points
represent the preferred systems. While the systems or combination of systems that
accumulate the least points, represent the systems that typically should be avoided. Be
mindful that the system with the most points is not necessarily the best option for all
applications. In a retrofit application, the homeowner needs to fully understand existing
conditions prior to making a decision.

7.3—For homeowners that are designing for new construction
Using the summarized information found in Table 14, along with the information
from the previous chapters, the decision for a new construction scenario is clear. A minisplit heat pump combined with an HRV system is the optimal choice for most homes in
the Mojave Desert.
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Table 14. Recommendation for homeowners designing a newly constructed home

7.3.1—Why mini-split heat pump with HRV system?
The benefits that one would receive from any of the ducted space conditioning
systems as opposed to the ductless mini-split heat pump would include the ability to
exhaust the degraded interior air and supply the home with fresh air. Fortunately, the
mini-split heat pump and any space conditioning strategy for that matter have the option
to couple with an HRV system. By combining the mini-split heat pump with an HRV
system, the homeowner can ventilate with significantly smaller ductwork and less wasted
energy (Kovesi, 2009).
The degraded indoor conditioned air in any ducted system other than an HRV or
ERV system does not transfer its stored energy into the incoming supply air prior to
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being exhausted. Transferring the stored energy of the exhausted air to the supply air
reduces demand on the space conditioning system to maintain the thermal condition.
The resultant energy reduction can directly impact the homeowner’s total energy
consumption and utility cost. Also, the HRV system alone is capable of reducing carbon
dioxide concentrations in a home to recommended levels (Kovesi, 2009). HRV systems
have also been found to control radon levels (Akbari et al., 2013). Pollutant
concentrations are present in all of the human-occupied environments. Fortunately,
pollutants can be maintained at safe levels, as anything outside of recommended levels
subjects the occupant to health risks and poor work efficiency (Kang et al., 2014).
However, any of the space conditioning systems have the ability to be coupled with an
HRV unit, so why is the mini-split heat pump combined with an HRV unit the best choice
for homeowners in a new construction scenario within the Mojave Desert?
In Table 5 of the previous chapter, the mini-split heat pump is the lowest energy
consumer. It is noted that the evaporative cooler and gas furnace combination could not
be simulated in the BEopt software. BEopt did not have the option in its space
conditioning systems to select an evaporative cooler. Regardless, Table 5 demonstrates
the gas furnace’s energy consumption (accounting for heating only) at any simulated
efficiency rating as greater than the mini-split heat pump’s total energy consumption.
According to Energy.gov (2014), the evaporative cooler uses approximately one-quarter
of the energy that a central air conditioner of the same capacity would typically use.
While the energy consumption of an evaporative cooler is inherently low, it does not
have the ability to provide space conditioning annually in the Mojave Desert.
The Mojave Desert’s temperature ranges require that the evaporative cooler
have an additional system in order to accomplish space conditioning throughout the
year. A system that can provide the heating capacity of the Mojave Desert’s winter is
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needed. With a gas furnace’s ability to utilize the evaporative cooler’s ductwork for its
distribution system, it is only logical that these two systems be coupled together to
provide both heating and cooling. It is unlikely that the gas furnace and evaporative
cooler combination could consume less energy than the mini-split heat pump while
providing the equivalent space conditioning. With the energy consumption of the gas
furnace being so high, the evaporative cooler would have to be an energy producer
instead of an energy consumer to result in better energy consumption rates than the
mini-split heat pump.
Also, the mini-split heat pump can integrate individualized temperature controls.
The individualized temperature controls is a characteristic of the mini-split heat pump
because each air handler (indoor unit) has independent refrigeration line and electrical
conduit to the condenser (outdoor unit). Individualized temperature controls give the
owner the option to only condition occupied rooms, unlike any of the centralized ducted
systems (Roth, 2006). Depending on usage, this key characteristic can further reduce
energy consumption for space conditioning.

7.4—For homeowners that are retrofitting an existing home with no ductwork
Of the retrofitting applications, a home with no existing ductwork makes the
decision of an HVAC system simple. Similar to the new construction scenario, the minisplit heat pump combined with an HRV system has the potential to be the optimal
solution. According to both Roth et al. (2006) and Energy.gov (2012), the mini-split heat
pumps are one of the easiest space conditioning systems to install in a retrofit
application. The absence of ductwork in the mini-split heat pump reduces the amount of
space needed to provide distribution. An issue does arise when attempting to install the
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HRV system. The HRV requires a six-inch duct. There will most likely be locations
where existing walls and/or ceilings will have to be penetrated. Table 15 below
summarizes this recommendation.

Table 15. Recommendation for homeowners retrofitting an existing home with no
ductwork

Review of the current codes and standards that govern the home is required.
The 2015 IRC requires a permit be acquired for any “extension, addition or change to
the arrangement, type or purpose of the original installation.”
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7.5—For homeowners that are retrofitting an existing home with uncompliant
ductwork
This is a scenario that is difficult to determine, as the severity of non-compliance
will likely vary from homeowner to homeowner. It is necessary first to have an HVAC
professional inspect the existing system to determine the existing system’s deficiencies
and severity of non-compliance issues. After inspection, a cost-analysis needs to be
made. If an entirely new ductwork is needed, it would most likely be better off to remove
the existing system in its entirety and implement a mini-split heat pump with an HRV
system. If the HVAC professional deems the existing ductwork salvageable, there are
few concerns that require attention.
According to Anesi (2014), the common manual sealants of ductwork utilize
rolled on mastic and brushed on/sprayed on sealants. Relatively new solutions that
‘automatically’ seal ductwork, utilize aerosol technology (Anesi, 2014). Also, if existing
ductwork were not previously insulated, it would be beneficial to do so. Ductwork would
most likely be required by the local code, but it would only benefit the owner to insulate
regardless of code requiring it or not. Anesi (2014) explains that insulating ductwork
creates a quieter, more efficient space conditioning system.
If the retrofit in this scenario involved updating the ductwork as explained, it
would mean that a homeowner would need to select a centralized system. The
advantage here is with ductwork already in place, a homeowner can expect to spend
30% less than the equivalent mini-split system (Energy.gov, 2012).
Reviewing the design guideline, it would appear that of the centralized systems
or partially centralized systems, it is the ‘central air conditioner and electric baseboard’
and the ‘air source heat pump’ that accumulated the most points. The central air
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conditioner and electric baseboard is a partially centralized combination of space
conditioning systems. The air source heat pump is a fully centralized space conditioning
system. Prior to choosing either centralized system, the homeowner needs to analyze
the usage of the home. Reviewing Chapter 5, it is known that the use of the electric
baseboards does limit the placement of furniture. Furniture or any objects for that
matter, cannot block the electric baseboards, as its ability to heat the space would be
severely hindered (Energy.gov, 2013). The air source heat pump will be limited if
temperatures reach well below freezing figures (Allen, 2012). With the understanding of
these negative attributes in mind, it is the homeowner’s responsibility to make an
educated decision on the space conditioning system to be implemented in his/her home.
Table 16 below summarizes this recommendation.

Table 16. Recommendation for homeowners retrofitting an existing home with
uncompliant ductwork
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7.6—For homeowners that are retrofitting an existing home with compliant
ductwork
For this scenario, it is assumed that the homeowner has already had his/her
home inspected by an HVAC professional to determine ductwork’s compliance. With
existing code compliant ductwork, a homeowner can view these savings as an
opportunity to incorporate an HRV system into their centralized HVAC system. Similar
to the previous scenario, the ‘central air conditioner and electric baseboard’ and the ‘air
source heat pump would be the preferred choices of space conditioning systems to
implement. Also, similar to the last scenario, the air source heat pump would be the
optimal choice of the two preferred options to allow for a flexible furniture layout
(Energy.gov, 2013). Table 17 summarizes this recommendation.
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Table 17. Recommendation for homeowners retrofitting an existing home with compliant
ductwork
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CHAPTER 8 – CONCLUSION

It is evident that the Earth is experiencing a climate change through global
warming. Humans’ carbon emissions have been so large that the Earth is unable to
offset enough of them through carbon sequestration to sustain a stable climate (Brand,
2010). In an attempt to reduce energy consumption to relieve carbon emissions,
building envelopes have increased in tightness (Younes et al., 2012). In doing so,
homes have decreased its natural air exchanges and have made occupants susceptible
to IAQ-related illnesses (Baechler, 1991).
To achieve both energy efficiency and IAQ, it is necessary to follow the current
protocols. Protocols that affect indoor air quality stem from a selection of space
conditioning systems, ventilation systems, and material selection. The codes and
standards that correspond to these selections have been documented in this thesis.
These codes and standards include:
1. The 2015 International Residential Code (IRC)
2. The 2015 International Energy Conservation Code (IECC)
3. ENERGY STAR Certified Homes Version 3
4. ASHRAE 52.2 – 2012
5. ASHRAE 62.2 – 2013
6. ASHRAE 152 – 2014
7. ACCA Manual J – 8th Edition
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8. ACCA Manual D – 3rd Edition
9. ASTM E1554 / E1554M-13
10. LEED for Homes Design and Construction v4
11. Indoor airPLUS Version 1 (Rev. 2)
Considering the enormity of the problem, it is imperative to understand the
environmental conditions of a home’s location. Distinctive actions for each climate
region can be found in the 2015 IRC and the 2015 IECC. Also, LEED for Homes Design
and Construction v4 attempts to accommodate each climate region through its Regional
Priority (RP) credits.
This thesis has been specifically tailored to the Mojave Desert climate region. By
specifying a climate region, the presented design guideline in Chapter 7 allows
homeowners to make a proper assessment of the IAQ and space conditioning strategy
that they would like to implement in their Mojave Desert home. The design guideline
proposes eight potential systems or combinations of systems for the Mojave Desert
climate region. By analyzing the proposed strategies with twelve vital system
characteristics, a true value structure is acquired. The design guideline value system
further allows homeowners to make an educated decision on the IAQ and space
conditioning strategy that they would like to implement in their home.
Of the proposed space conditioning systems, the mini-split heat pump
accumulated the most points. This means that amongst the space conditioning
strategies that are presented; the mini-split heat pump is the preferred space
conditioning system. Being a system that single-handedly accomplishes heating and
cooling with no ductwork are some of the reasons why the mini-split heat pump acquired
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the best overall performance. An absence of ductwork benefits the mini-split heat pump
in three ways. The first benefit is the elimination of up to 30% of energy loss from air
distribution (Roth, 2006). The second benefit is the increased feasibility of adopting
mini-split heat pumps for retrofit applications (Energy.gov, 2012). The third benefit, each
air handler’s independent refrigerant line and electrical conduit allows for individualized
temperature controls (Roth, 2006). While these are all valuable benefits, there are some
drawbacks. The absence of ductwork makes the mini-split heat pump incapable of
accomplishing ventilation throughout the home, so alternate ventilation must be
provided.
ASHRAE’s 62.2—2013 standard requires the homeowner to provide wholebuilding ventilation. In order to accomplish the requirements for whole-building
ventilation, the mini-split heat pump would need to be coupled with a whole-building
ventilation system. Fortunately, the heat recovery ventilator (HRV) systems that are
currently available would be able to meet ASHRAE 62.2—2013 standard for wholebuilding ventilation requirements. HRV systems are also capable of controlling carbon
dioxide concentrations as well radon levels, by drawing conditioned external air into the
home (Kovesi, 2009; Akbari et al., 2013).
The other six space conditioning systems or combinations of systems would be
able to accomplish the whole-building ventilation requirements of ASHRAE 62.2—2013
through their necessary ductwork. The problem with executing ventilation through a
typical centralized space conditioning system’s ductwork is the loss of energy (Akbari et
al., 2013). By implementing a HRV system, annual heating and cooling energy costs
can be reduced compared to traditional centralized ventilation methods without HRV
systems (Kim et al., 2012).
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For these reasons, the mini-split heat pump combined with an HRV system is the
preferred space conditioning strategy for the Mojave Desert. While this may be the
preferred system, the other methods are also applicable. Homes with existing ductwork
or homeowners who prefer a ducted system can select one of the centralized space
conditioning strategies. Of the available centralized space conditioning strategies, the
air source heat pump is the preferred strategy. The central air conditioner and electric
baseboard space conditioning strategy did accumulate an equivalent number of points in
the design guideline, but its lack of furniture placement flexibility would likely be
undesirable for many.
Using the design guideline in Chapter 7 alongside with the codes and standards
presented in this thesis, the homeowner can expect to obtain adequate IAQ and satisfy
their thermal comfort needs. Also, if the homeowner decides to pursue ENERGY STAR
or LEED certifications, there are both financial and health-related benefits (Kahn, 2014).
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Appendix A – DEFINITION OF TERMS

Acceptable indoor air quality – air in which a substantial majority of occupants express
no dissatisfaction with respect to odor and sensory irritation (ASHRAE, 2013). Also, air
that nationally and internationally recognized codes/standards deem as suitable.
Annual fuel utilization efficiency (AFUE) – the measurement of combustion a heating
appliance’s heating efficiency (Energy.gov, 2013).
AFUE = the appliance’s efficiency of converting fuel to heat ÷ annual fossil fuel energy consumed
Air changes per hour (ACH) – airflow in volume units per hour divided by the volume of
the space on which the air change rate utilizes identical units (ASHRAE, 2013).
Air exfiltration – uncontrolled outward leakage of air through cracks and interstices in
any building element and around windows and doors of a building (ASHRAE, 2013)
Air infiltration – uncontrolled inward leakage of air through cracks and interstices in any
building element and around windows and doors of a building (ASHRAE, 2013)
Baseload energy – a stable power supply, “providing a high capacity factor, output
stability, and reliability” (Denholm et al., 2005).
BEopt – according to National Renewable Energy Laboratory (NREL), “BEopt is a
computer program designed to find cost-optimal building designs along the path to a
zero net energy (ZNE) building.”
Building Envelope – “the basement walls, exterior walls, floor, roof and any other
building element that enclose conditioned spaces” (ICC, 2014)
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Carbon sequestration – the natural or deliberate process of transferring atmospheric
CO2 into oceanic, pedologic, biotic or geologic strata global pools (Lal, 2007).
Climate change – the overall temperature increase of the Earth’s surface caused by
increased CO2 concentrations, volcanic activity, and solar activity (de Larminat, 2012).
Coefficient of performance (COP) – the measurement of a heat pump’s heating
efficiency (Energy.gov, 2013)
COP = heat provided ÷ the amount of energy input
Demand-controlled – equipment operated as needed by customer demands (ASHRAE,
2013).
Floor area – refers to the area of the horizontal projection of conditioned space within a
home (ICC, 2014).
Fresh air – refers to air from an outdoor environment that is ten feet or more away from
any pollutant source; modified from (ASHRAE, 2013)
Heating season performance factor (HSPF) – another measurement of a heat pump’s
heating efficiency (Energy.gov, 2013)
HSPF = total space heating required during heating season ÷ total electricity consumed during same season
HVAC building systems – the instrumentation and machinery that are used to produce
a ‘product,’ – air with desired temperature, humidity, particulate level, and other quality
attributes (Paoli, 2011).
Indoor air quality (IAQ) – a measurement of the known contaminants, along with the
perception of occupants (Bohanon, 2012).
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Minimum efficiency reporting value (MERV) – often referred to as an MERV rating.
Values range from 1-20. The highest MERV rated filter allows the least amount of
particulates through while the lowest rated MERV filter allows the greatest amount of
particulates (ASHRAE, 2013).
Mojave Desert – composed of Death Valley, Pahrump Valley, Amargosa Valley, the Las
Vegas Valley, and some surrounding areas within the southwestern United States
(Webb, 2009). The average annual precipitation within the Mojave Desert’s valleys
range from 50 to 130 millimeters or 2 to 5 inches (Webb, 2009). In the Mojave Desert’s
higher elevations, annual precipitation range from 250 to 750 millimeters or 10 to 30
inches (Webb, 2009). These large disparities within the Mojave Desert are due to the
higher elevation’s ability to enhance precipitation systems. The annual ambient
temperature on the extremes of the spectrum range from -9°C to 57°C or 16°F to 135°F.
Also, being a desert, the humidity levels are typically low, but can experience an
intrusion of moist air in the summer with the monsoon (Webb, 2009)
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Figure 1. Map of the Mojave Desert, (Bailey, 2005) and modified by (Grossman et al.,
1998)
Figure 1 highlights the Mojave Desert climate region. Six sub-regions make up the
entire Mojave Desert. These sub-regions include the Northern Mojave, Eastern Mojave,
South-Eastern Mojave, South-Central Mojave, Western Mojave, and Central Mojave.
Non-carbon energy production – any method that generates electricity without
producing a carbon by-product.
Off-gassing – any product’s release of airborne pollutants in the form of gas.
Season energy efficiency ratio (SEER) – the measurement of a central air conditioner
or heat pump’s cooling efficiency (Energy.gov, 2014)

99

Ventilation – the process of supplying outdoor air to or removing indoor air from a
dwelling by natural or mechanical means (ASHRAE, 2013).
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